Studying thermal behavior is very important for monitoring the quality of polymers on an industrial scale. Commercial geomembranes are materials with low permeability that can be used for multiple purposes, such as geotechnical engineering in liners for potable water. They can also be used as liners for waste liquid, e.g., sewage sludge and soil coverings for landfills. In this paper, the mechanical and thermal behavior of four geomembranes with thicknesses around 2.1, 1.9, 1.7 and 0.8 mm, sold in Brazil by different companies, was evaluated. Thickness, density, tension, puncture and tear resistance and carbon black content were used to characterize the properties of these materials. Thermogravimetry, differential thermal analysis, differential scanning calorimetry (DSC) and dynamical mechanical analysis (DMA) were used to examine the evolution of these geomembranes thermal behavior. Moreover, activation energy of the thermal decomposition was estimated from non-isothermal kinetics. The results obtained by thermogravimetry showed that the geomembranes have a different thermal behavior from each other. Data obtained by DSC showed a widening of the melting peak after the second heating. Activation energy values obtained by the Flynn-Wall-Ozawa and Capela-Ribeiro isoconversional methods for each sample showed variations between them. Based on the DMA experiment, the store modulus (E 0 ), loss modulus (E 00 ) and tan d showed different behaviors for the 0.8-mm sample and no significant changes in the other samples. Concerning the mechanical properties, it can be observed that the density and black carbon data have compatible values between the samples.
Introduction
Final waste disposal is a public health problem in many parts of the world due to it being deposited in inappropriate places. In Brazil, the government passed a national solid waste law in 2010, which provides guidelines for these materials [1] . Impacts caused to the environment by some types of waste can cause irreversible damage to the environment. As an example, there are many problems related to alkaline batteries and cellular batteries, which contain toxic metals, such as mercury, lead, cadmium, among other materials [2, 3] . In addition, disposing of post-consumer polymer materials of various natures is problematic and causes serious damage to the environment [4] . Considering this situation, implementing controlled landfills requires using soil protection geomembranes for landfills, which avoid contamination with the soil. During installation, the geomembranes are welded between the parts at installation sites using intense heat, which is done using a thermofusion apparatus [5] . In addition, these geomembranes should be installed in soil with an adequate slope to direct the slurry generated by the deposited waste to an appropriate stabilization pond where it should be treated. In fact, the pond that receives the slurry must also have the base soil covered with a geomembrane to prevent liquid from leaching into the soil [6] .
The most common types of geomembranes are highdensity polyethylene (HDPE), polyvinyl chloride (PVC) (plasticized), low-density polyethylene (LDPE), ethylene propylene diene terpolymer (EPDM), etc. [7] [8] [9] [10] . In Brazil, HDPE is among the most used in water reservoirs for irrigation, soil impermeabilization, etc. [11, 12] .
Due to the versatility of HDPE which can be used in different types of plastic materials, there is a large body of literature on various applications of this material in the most diverse areas of knowledge. For example, Rajeshwari [13] reported on the thermal decomposition and kinetics behavior of HDPE reinforced with various concentrations of carbon nanotubes. The values obtained from the kinetic evaluations of the four methods used presented a decrease in the activation energy values for the concentrations of 0.25-0.75 vol% of carbon nanotubes. The author also found that for the major concentration ([ 0.75 vol%), the value of the activation energy had increased.
Recently, Khedri and Elyasi have studied the pyrolysis of HDPE in 400, 410, 420 and 430°C using a differential scanning calorimetry (DSC) instrument in an isothermal condition. The obtained values of decomposition heat of HDPE of this study were 1375 ± 233 kJ kg -1 . The authors state that the obtained values are higher than those in the literature and attribute this to using the isothermal method, whereas the non-isothermal method was used by other authors [14] .
Rowe and Ewais [15] studied five HDPE geomembranes with thicknesses of 0.5, 1.0, 1.5, 2.0 and 2.4 mm under immersion of these materials in leachate at various temperatures. The evaluation parameters of this study showed a decrease or increase in antioxidants/stabilizers under standard (Std-) and high-pressure (HP-) oxidative induction time (OIT) conditions. The results indicate that in both Std-OIT and HP-OIT, there was a reduction in the antioxidant/ stabilizer with the increase in geomembrane thickness.
Aboulkas et al. carried out a thermoanalytical and kinetic study of HDPE, LDPE and polypropylene (PP) polymers found in recyclable materials. The values obtained for the activation energy under non-isothermal conditions for HDPE, using the Flynn-Wall-Ozawa method, ranged from 208 to 247 kJ mol -1 [16] . Therefore, in order to contribute to geomembrane research, the objective of this work was to evaluate the thermal, thermomechanical and mechanical resistances of a sample of commercial geomembranes used in Brazil to cover soil in sanitary landfills. Furthermore, the importance of these analyses is probably due to the difference in production of geomembranes by different companies, attributed to the different raw material proportions. In addition, this study also suggests using thermoanalytical techniques for geomembrane production control.
A thermoanalytical study was carried out with thermogravimetric (TG), differential thermal analysis (DTA), DSC and dynamic mechanical analysis (DMA). The evaluation of physical properties was: density (specific gravity method), thickness (20-kPa pressure) and carbon black content (using the muffle furnace technique). The mechanical properties such as the tensile test (dumbbellshaped test specimens), tear resistance and puncture resistance (index puncture resistance) were also evaluated.
Experimental
Interest in evaluating these materials is aimed at knowing their physical limits, as commercial geomembrane coils (when purchased from a manufacturer) can be stored in unhealthy places before they are used, and therefore, knowledge about their thermal limits is important. Moreover, evaluating the physical resistance of these materials is important so that most appropriate materials are acquired for the type of landfill. Moreover, polymer research by thermogravimetry and calorimetry is an important source of information regarding the thermal behavior of these materials and is very useful for industrial processing of commercial membranes [17] .
Geomembrane samples were obtained from commercial coils, manufactured by three different Brazilian companies, hereafter called A, B, C and D. Each of the geomembranes had a different thickness, which was: A = 2.0 mm, B = 1.90 mm, C = 1.70 mm and D = 0.80 mm, all with a smooth surface. For the study made by the TG and DSC analysis, pieces of diameter of each sample were around 3 mm.
Physical characterizations

Physical properties
Density measurements were [18] performed in isopropyl alcohol at 21 ± 0.1°C, mass sample 1.0 g ± 0.1 g in apparatus that included an analytical balance with a 0.0001 g precision and an immersion vessel. A 25-mL pycnometer and a thermometer were used for solution standardization. The geomembrane thickness [19] was determined by observation, using a thickness gauge with 0.001 mm precision, applying a pressure force of 20 ± 0.2 kPa. The carbon black [20] content was determined by pyrolysis for about 1 ± 0.1 g of geomembrane in a muffle furnace at 605 ± 5°C for 3 min in an aluminum dish.
Mechanical properties
Tensile [21] , tear [22] and puncture resistance [23] tests were performed in an Emic Universal Testing Machine, Model DL 3000 with a 2-kN load cell and pneumatic grips. Speed rates of 50 and 300 mm min -1 for the tensile, tear and puncture tests were used.
Thermoanalytical methods
The thermogravimetric (TG) and differential thermal analysis (DTA) were performed at a SDT 2960 (TA Instruments, USA) with heating rates of 5, 10, 15 and 20°C min -1 under nitrogen and synthetic air purge gases, with a flow of 100 mL min -1 . These polymers were evaluated in an a-alumina crucible. In addition, the kinetics study of these geomembranes was performed using the Flynn-Wall-Ozawa and Capela-Ribeiro methods, which are isoconversional methods [24] [25] [26] .
To evaluate the behavior of these polymers by DSC analysis, the temperature range scanned was from 25 to 200°C and from 200 to -80°C with a heating rate of 20°C under nitrogen purge gas with a flow of 50 mL min -1 . The measurements were obtained from the DSC1 Star e (Mettler Toledo) with a sample which had a diameter of around 2 mm and a weight variable.
The behavior of these polymers was tested on dynamic mechanic analysis (DMA) equipment using a DMA thermal analyzer (model Q800, TA Instruments). The experiments were performed in flexural mode. The dimensions of the samples were 64 mm 9 12 mm 9 3.0 mm. The experimental conditions were as follows: oscillation amplitude of 20 mm, frequency of 1 Hz, temperature range from -80 to 120°C and a heating rate of 10°C min -1 .
Results and discussion Figure 1 shows the TG-DTG curves of the geomembrane samples in four heating rates under nitrogen purge gas. In the first evaluation, it can be observed that the thermal behavior of these materials is similar, i.e., they have a stability up to a high temperature and present only one stage of thermal decomposition. Along the same lines, the same occurs with the analyses seen in Fig. 2 , where the geomembranes were analyzed under synthetic air as purge gas. As can be seen, under several heating rates, these samples have different thermal behaviors to one another. The main mass variations were obtained from DTG curves and are shown in Tables 1 and 2 .
As can be seen in Fig. 2a , the analysis at 5°C had a return in temperature from 407 to 402°C, which was attributed to the combustion during the thermal decomposition. Additionally, there was an increase in temperature of the sample, which was greater than that of the furnace of the equipment. This same effect is seen for Sample 5B, but with a heating rate of 10°C, where the temperature returns from 433 to 430°C. The effect of the thermal decomposition can be seen in the TG-DTA curves ( Fig. 3 ) with analyses performed on synthetic air purge gas at a heating rate of 10°C min -1 . The first endothermic event seen between 90 and 150°C refers to the melting point of the material, which is in agreement with the behavior seen in the DSC curves (Fig. 4) . Between the melting point and the beginning of the first stage of thermal decomposition around 258°C, there was no event recorded by the DTA curves. For Sample B, it can be observed that after starting the decomposition, the material had combustion, as observed for the analysis of 5°C (Sample 2A), while for the other samples, there was no other combustion event. Figure 4 shows the cooling and heating curves made by the DSC of the geomembranes. Initially, the samples were cooled from 25 to -80°C (curves not shown, because there are no thermal events). After this cooling, the material was heated from -80 to 200°C, except for Sample D, which was heated to 180°C. During the melting point (peak temperture of 133 8C) it can be observed that the samples have overlapping reactions, which is more evident with the sample of 0.8 mm (Sample D). In the second heating (Fig. 4b) , it can be seen that the melting point in DSC curves widens when compared to the first heating, which was attributed to the molecular relaxation. Figure 4d shows the cooling of the materials, where the exothermic reaction from 115°C can be seen, which was attributed to the recrystallization of the material, while the weak exothermic events seen after peak recrystallization between -3 and -53°C are attributed to molecular rearrangement [27] .
Kinetic behavior
The kinetic behavior was evaluated for each sample from the DTG curves, as can be seen in Fig. 1 . For the analyses in purge gas in synthetic air, a kinetic study was not performed because the samples had different thermal behaviors from each other for each heating rate, as shown in Fig. 2 .
The ranges used to study the kinetic behavior of the samples and the respective values of the activation energies of these materials are shown in Tables 3 and 4 . The values obtained are very similar in behaviors for Samples A, B and C, but for Sample D (Fig. 5) , there was an initial kinetic behavior different from the others. This fact was attributed to the thickness and, consequently, the mass of the sample, which is the smallest among them. However, it can be observed also at Fig. 5 , that after the value of 0.15 in the conversion degree, the activation energy tends to remain at the same level, as was also observed for the other analyses. 
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Thermoanalytical and dynamic mechanical analysis of commercial geomembranes used for fluid… 475 Galwey indicates that kinetic parameters are dependent on factors attributed to the samples, such as geometry, particle distribution, heating rate of the sample, particle size, impurities and used atmosphere [28] . There are many studies in the literature on polymers, such as high-density polymers, which show different activation energy values. In addition, in studies found in the literature, it can be observed that there is no standard size and mass of the polymers analyzed in various published studies. and has an average value of 202.46 kJ mol -1 . This kinetic behavior is similar to the data obtained in this work for Samples 5A, 5B and 5C, but different from that obtained for Sample 5D [29] . Khedri and Elyasi reported the activation energy of HDPE (without indicating the source of the material used in the analysis) at the heating rates of 40, 45, 50 and 55°C min -1 with sample masses around 13 mg by analyzing the nonisothermal condition. The activation energy obtained by these authors was among the interval of 70-100 kJ mol -1 [30] . Another evaluation of activation energy of the HDPE evaluated by the Flynn-Wall-Ozawa method was made by Avella et al. These authors compared the obtained values of compounds made with cellulose fibers and cellulose obtained from carton scraps. For pure HDPE, the activation energy values vary between 110 and 140 kJ mol -1 , while for the reinforced material, the values are higher than the pure polymer [31] . Table 5 shows the thickness values of the samples that are usually sold in Brazil, and as seen, compared to Table 6 , Table 4 Activation energy values of geomembranes using the FlynnWall-Ozawa and Capela-Ribeiro methods The data were obtained as an average arithmetic, and VC is the variation coefficient
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the results obtained showed that the measured values are in agreement with the criteria suggested by the Geosynthetic Research Institute [32] . However, as can also be seen in the values of Sample B, the thickness of 1.9 mm is the closest to the thickness suggested in Table 6 , considering the thickness of 1.80 mm. The other values showed that the results are well above the reference values, demonstrating that the samples are reliable and can be used for proper use [33, 34] . Physical properties, such as thickness, identify the products and are related to mechanical properties, such as tensile, tear and puncture resistance. Reference information for well-established thermal property values such as DMA, TG-DTA and DSC is not usually used because they are considered to be expensive and have complex interpretation techniques [35, 36] .
Dynamic mechanical analysis (DMA)
In the literature, the studies and presentation of the results carried out in the DMA focus on three main concepts: module storage, module loss and viscoelastic information of the material (tan d) [37] [38] [39] .
The DMA analysis under nitrogen purge gas in the range of 80-120°C of the geomembranes is shown in Fig. 6 , where it can be observed that the degree of stiffness shows a similar behavior among the samples. The variations of storage modulus normally indicate the degree of the crosslink in molecules of materials. Strictly speaking, at low temperatures, the polymer has a rigid behavior, and therefore, the storage modulus values will be high and when the temperature increases, the molecular vibrations also increase and then the storage modulus will decrease proportionally [37, 40] . For the sample with a thickness of 0.8 mm (Fig. 6a) , the value of the module is smaller, which is expected, because a smaller thickness has a smaller storage modulus. Moreover, it can be observed that from 68°C the storage module for all these samples present storage values very close to each other. In addition, if there were particles or reinforcing materials purposely added to these geomembranes in order to reinforce the material, the value of the modulus storage would be substantially larger. Some studies in the literature have shown the reinforcing effect on polymers, with clay, fibers and other polymers, causing an increase or decrease in the material stiffness, which will depend on the efficiency of the interaction between the reinforcement material and the polymer matrix [41] [42] [43] .
The loss modulus (E 00 ) is shown in Fig. 6b , where it can be observed that the 0.8-mm sample stands out from the other samples because the increase in E 00 curves indicates that the sample could dissipate the energy vibration better in the form of heat than the other samples. From an industrial point of view, the amount of energy dissipated as heat during deformation is important because the heat can be distributed into or out of the material itself [44] . Figure 6c shows the curves obtained from the tan d versus temperature, which gives information on the contributions of the viscous and elastic components of viscoelastic materials. Since tan d has a relationship between the loss and storage modules, the temperature ranges from -60 to 20°C and 20 to 70°C as seen in Fig. 6a, b , which correspond to the events seen in Fig. 6c . Another important aspect is that normally, in polymeric materials, the value of tan d increases when the value of the storage module (E 0 ) is decreased. As shown in Fig. 6c , when the temperature increases, the maximum value of tan d also increases and this is attributed to the effect of molecular relaxation, i.e., with increasing molecular motility, energy is dissipated into the sample [45, 46] . In other words, the value of tan d will be the maximum in the near values of the melting point of the HDPE, as seen for all samples, i.e., when the peak intensity of tan d is higher, it indicates that the material responds viscously in detriment to elastic.
Conclusions
Four commercial geomembranes with various thicknesses were evaluated. The TG-DTA and DSC analyses showed the thermal behavior under different temperatures and purge gas conditions, leading to a thorough evaluation of these materials. The effect caused by using different purge gases on different heating rates (5, 10, 15 and 20°C min -1 ) can be observed. In addition, the different samples showed different thermogravimetric behaviors among them. The kinetic values showed that the sample of 0.8 mm had a different behavior during thermal decomposition. In DMA studies, the experimental results showed that there was a slight increase in the geomembrane of 0.8 mm, and no significant changes in the other samples. The temperatures of loss modulus and tan d results showed two transitions in the viscoelastic region for these materials. The importance of these data is associated with the deformation effects of the geomembranes under a temperature effect and also in unhealthy environments caused by the pressure and heat that exist on the geomembranes, which are exerted by the deposition of residues in the geomembranes, associated with the presence of liquids and gases produced in landfills.
Concerning the mechanical properties, it can be observed that the density and black carbon data have compatible values between the samples, indicating that the materials were prepared in a similar way. Therefore, the values obtained for the tensile, tear and puncture tests are linked to the thickness of the material and show that commercial samples have much higher values than those recommended. Thermoanalytical and dynamic mechanical analysis of commercial geomembranes used for fluid… 479
